The theoretical spatial distribution of hydraulic head during infiltration is used to interpret the results of infiltration experiments made in the field on a single, isolated, column of herbaceous peat in a flood-plain wetland in central England. Crusts of different hydraulic resistance were applied to the column surface. These regulated the water influx enabling the hydraulic conductivity of the peat to be estimated at between 1 and 19.5 m day -1
INTRODUCTION
Extensive areas of lowland Europe were formerly covered by flood-plain wetlands and significant quantities of buried organic deposits remain (Armstrong & Castle, 1999; Burton & Hodgson, 1987) . These organic deposits have accumulated through the Holocene and in many cases lie beneath silt and clay produced from catchment erosion. The deposits reflect changes in flood-plain vegetation, including wood peats (from alder-and willow-carr), herbaceous peats (from reed-beds) and moss peat (Sphagnum). The structure of these deposits is of interest as they lie within the zone of water-table fluctuation (possibly 1 m or more) and their hydrological behaviour will influence the water-table regime and the availability of water to flood-plain vegetation. However, organic sediments are vulnerable to drainage and drought, and a water-table fall and consequent drying may lead to irreversible changes in the physical structure of the deposit, accelerated decomposition, nutrient release, and a tendency to hydrophobicity (Schwärzel et al., 2002) .
For these reasons it is desirable to understand the mechanics of water flow through peat. Estimates of the direction and rate of seepage through these sediments may also be required to improve the representation of flood-plain wetlands within large catchment hydrological models, and to quantify the importance of these wetlands in sustaining river base flows. However, although the hydrology of acid peat bogs has long been studied (most recently by Beckwith et al., 2003; Price, 2003; Clymo, 2004) , and some studies have been made of peat in large lowland basins (Baird & Gaffney, 1987; Baird, 1997) , flood-plain peats have been largely neglected.
HYDROLOGY OF FLOOD-PLAIN PEAT DEPOSITS
Organic deposits vary enormously in their morphology and structure and, as a result, "peat" is neither homogeneous nor isotropic. Peat can be considered to be "transversely isotropic" with horizontal hydraulic conductivities (k x and k y ) differing from vertical hydraulic conductivity (k z ) as demonstrated recently for a bog peat by Beckwith et al. (2003) . These difficulties emphasize the importance of undertaking in situ tests of hydraulic conductivity. Such tests take into account vertical stratification and anisotropy that reflect changes in the pattern of peat accumulation, differences in the vegetation that constitutes the peat deposit with depth, and post-depositional modification.
Laboratory results have generally revealed higher hydraulic conductivities than have field observations. This may reflect the difficulty in extracting unaltered cores of peat and the probability of water leakage at the core margins (Chason & Siegel, 1986) . With the exception of early studies using the piezometer or seepage tube method, there have been comparatively few in situ studies of fen peat hydrology. Baird (1997) describes the use of a tension infiltrometer to determine water flow pathways through a fen peat on the Somerset Levels, which confirmed the importance of macropore flow. However, for many flood-plain environments, the behaviour of the larger peat deposit above the water table is of interest and, in particular, the degree to which structural features, such as macropores, may be inter-connected.
In this respect there are benefits in developing in situ techniques such as lysimeters to estimate hydraulic properties (Schwaerzel & Bohl, 2003) , which requires an understanding of how Darcy's Law might be applied to describe water flow through peat. Darcy's Law assumes a degree of homogeneity within a deposit that enables hydraulic conductivity (k) to provide a consistent representation of macroscopic water velocity through a cross-section comprising a solid matrix and interlinked interstitial spaces that differ in shape, width and direction. Although Darcy's Law can be applied to a composite material with finite homogeneous sections characterized by distinct values for k, within the peat, structural differences within the deposit also vary seasonally. This results in surface shrinkage in summer and recovery over the winter. Structure and pore geometry may also change in proportion to the hydraulic head, reflecting the way that fluid flow produces a frictional drag on particles. The resulting variable rates of water flow may apparently contradict Darcy's Law; for example, Ingram et al. (1974) found that the hydraulic conductivity of humified peat on a Scottish raised bog was time dependent and increased with hydraulic head, reflecting pressure changes in the peat matrix. A further problem with applying techniques based on Darcy's Law to organic deposits, is that gases may obstruct pores within the matrix with the result that estimated hydraulic conductivity is lower than expected (Reynolds et al., 1992) .
The results of studies on peat hydrology are therefore equivocal and, although the principles of water flow through peat are broadly understood, it is difficult to draw general conclusions for specific sites with inhomogeneous stratigraphy. This article describes the results of an experiment which was undertaken to investigate water flow through an isolated column of herbaceous peat. The work was designed in an attempt to identify hydraulic parameters for organic sediments that were required for the development of a numerical model describing water flow through a flood-plain wetland (Bradley, 1996 (Bradley, , 2002 . Infiltration into the organic substrate was measured by controlling the infiltration rate through an isolated in situ column, with an impeding crust at the surface to regulate the water flux. The method was originally proposed by Hillel & Gardner (1970) to determine the relationship between hydraulic conductivity and hydraulic head, k(h), for unsaturated conditions, while field application of the technique has been described inter alia by Bouma et al. (1971) , Green et al. (1986) and van den Berg (1989) . The method enables hydraulic conductivity to be measured in the field over a larger area than a standard core, without disturbing soil structure.
The objectives of the work were to: -estimate representative values for peat hydraulic conductivity; and -determine the rate of water infiltration into the subsoil.
FIELD SITE
Narborough Bog is a flood-plain wetland (and not technically a bog), 9.5 ha in area, lying adjacent to the River Soar in Leicestershire, England (latitude 52°35′N, longitude 1°11′W; NGR SP549979). The wetland is a Site of Special Scientific Interest, comprising three habitats: a central reedbed originally dominated by Phragmites australis, a surrounding alder-carr woodland, and a wet meadow. Within the reedbed, Filipendula ulmaria and Epilobium hirsutum have increased in cover as a result of the water table falling through drainage and flood control work on the river. The stratigraphy comprises 1.8 m of herbaceous and wood peat overlying about 3 m of alluvial gravels. Peat depth decreases to zero near the river where it is increasingly replaced by silty-clay deposits. Water-table fluctuations closely parallel the precipitation distribution but with summer drawdown that can exceed 1 m in parts of the wetland (Bradley, 2002) .
THE EXPERIMENT
An area in the centre of the Phragmites reed-bed at Narborough Bog was selected where the stratigraphy comprised a peat soil overlying herbaceous and wood peat. In midSeptember 1991, when the water table was 106 cm below the surface, vegetation was removed over an area of 3 m × 3 m. A metal infiltration ring (height 25 cm; diameter 30 cm) was inserted carefully into the peat surface to a depth of 13 cm. An annular cylinder was excavated around the ring to a depth of 104 cm below the ring top. The column was slightly conical in shape to increase stability; the diameter increasing from 34 cm at 29.5 cm depth, to 42 cm at 74 cm, equivalent to a side slope angle of 85°. Small purpose-built porous ceramic cup tensiometers (diameter 2 cm; length 8 cm) were installed at three positions: T upper (T u ) at 29.5 cm below the surface, T middle (T m ) at 53 cm, and T lower (T l ) at 74 cm. The ceramic cups of the tensiometers were inserted into holes drilled at a slight angle into the peat using a drill and brace, to a point near the centre of the column. Very fine sand was poured down the hole to maximize contact between the peat matrix and porous cup, after which the holes were sealed using bentonite. The tensiometers were connected to an electronic pressure transducer, and are considered usable for pressure heads within the range 0-500 cm, with a sensitivity of 0.5 cm (van den Berg & Louters, 1984) . Visible macropores ending at the margin of the column were also sealed with bentonite. A small constant head of water (about 2 cm) was maintained at the surface of the column using a 1-litre Mariotte bottle, which was secured to the infiltration ring.
A schematic illustration of the column is given in Fig. 1 , which shows the tensiometer locations and the postulated water flow paths through the column, while the stratigraphy of the column is summarized in Table 1 . A separate but adjacent monolith of peat was collected and bulk density and organic matter proportion of dry mass determined. Dry bulk density was calculated at 4.5 cm intervals to a depth of 45 cm. Organic matter content was determined by the modified Walkley-Black method of wet oxidation.
Four experiments were completed on the peat column. These used crusts of differing hydraulic resistance to regulate the water flux through the column. In the first experiment, the rate of water flow without an impeding crust was investigated, whilst in three further experiments, crusts with differing proportions of sand and gypsum were applied to the surface. In the second experiment a crust of 10% gypsum and 90% sand by weight was used, while in the third and fourth experiments the proportion of gypsum was increased to 12% and 20%, respectively.
THEORETICAL INFILTRATION
The rate of water infiltration into the soil is a function of the time elapsed during an event, and is determined by the combined effects of capillary forces, gravity and water pressure at the surface, the saturated hydraulic conductivity, the initial moisture content, and water-table position.
Homogeneous profile
The theoretical variation of suction head (H), elevation head (z) and hydraulic head (h) with depth is shown in Fig. 2(a) , for the case of no water flow and water flow through a homogeneous soil profile, in response to a head of water applied at the surface. The relationship between the potentials is given by: h = z -H. Water flow occurs in proportion to the hydraulic head gradient between two points in accordance with Darcy's Law. Elevation head decreases linearly with distance below the surface. Where no flow occurs there is zero gradient in h, and the thin solid line in Fig. 2(a) representing hydraulic head (h) is therefore parallel to the y-axis, while the suction Fig. 1 Schematic illustration of the peat column, drawn to scale, showing the location of tensiometers T u , T m and T l . The lower figure illustrates how the tensiometer cup was imbedded within a sand slurry to maximize contact with the soil matrix, and the auger hole sealed with pellets of bentonite clay, while the inset figure shows the location of the study site, Narborough Bog, in the UK. head (H) increases constantly with depth and is inversely proportional to z. However, if water flow occurs, hydraulic head will have a constant gradient through the column, so that H, while initially increasing with depth due to surface ponding of water, will decrease constantly as a function of (h-z). 
Two-layered profile
Infiltration into a profile with two layers, where the upper layer has the greater permeability, is more complex (Fig. 2(b) ). Elevation head decreases with depth as before, but h and H change in proportion to the permeability. Water flow is maintained by the gradient (in h) across the column. Assuming a constant flux of water through the profile, then under equilibrium conditions the hydraulic head gradient is inversely proportional to the permeability. A greater gradient is required in the bottom layer to maintain the same water flux. The suction head initially increases at uniform gradient for the depth of water ponded at the surface, it then increases, but at a lower gradient through the top profile before decreasing in the bottom layer. 
RESULTS

Experiment 1: infiltration without crust
An initial experiment was made to examine the interaction of water flows through the different peat layers on 20 September 1991. The tensiometers recorded a slight increase in suction, caused by drying of the column before the experiment began. A total of 5.3 l of water was poured onto the peat surface within the infiltration ring over a 3-min period (equivalent to a 7.5-cm depth of water in the ring). Infiltration was so rapid that the rate of water addition could not be sustained and the experiment was terminated. The pressure head (h p = -H) is shown in Fig. 3(a) , and summarized in Table 2 . It appears that rapid transport of water occurred through soil macropores which, it is inferred, transmitted much of the flow, resulting in the visible discharge of some water through the column sides. Following application of water, the top two tensiometers recorded a decrease in tension within 24 s, while the lowest one remained at its original value, but with a slow decrease subsequently. After the application of water had ceased, the tensions in the top and middle tensiometers decreased at a constant rate, T u to -6.0 cm, T m to -0.5 cm, while T l decreased to -4 cm.
Experiment 2: 10% gypsum crust
On the day following the ponded infiltration experiment, the column surface inside the ring was levelled by first adding gravel coarser than 4 mm in diameter, and then infilling intermediate hollows with gravel of diameter 2-4 mm. A 1-cm thick gypsum crust was then applied to the surface consisting of 90% sand (0.5-2 mm in diameter) and 10% gypsum by weight. The crust covered the peat surface completely and the mixture was compacted using a trowel to prevent water flows bypassing the crust. The experiment began 22 h after Experiment 1 ceased allowing time for residual water drainage. Pressure heads observed at the individual tensiometers are shown in Fig. 3 (b) and summarized in Table 2 . Initial pressure heads at T u , T m and T l were stable; however, soil-water tensions decreased sharply at T u and T m as a result of infiltration, and stabilized at 0 cm and +7.5 cm respectively within 5 min of the addition of water at the column surface. After this time, the pressure head at both T u and T m varied only slightly until ponding of water ceased at 24 min, at which time all water had flowed through the crust. Soil-water tensions observed by all tensiometers remained relatively constant, and had decreased only slightly by the time that measurements ceased. During the experiment the flux of water was maintained at an equivalent rate of 2077 cm day -1
. The lack of any significant change in T u may reflect a local increase in the water table following the previous experiment, as well as the effects of the lower permeability wood peat layer at the column base.
Experiment 3: 12% gypsum crust
The experiment was repeated 24 h later, but now with a 12% gypsum crust. Pressure head values recorded during the experiment are shown in Fig. 3(c) . Soil-water tensions were initially stable before a head of water was introduced at the column surface. Surface ponding was maintained for a total of 84 min. In this experiment distinct differences in the timing with which T u and T m responded to infiltration are evident. There is a clear delay in the time taken for the wetting front to reach both tensiometers: soil-water tensions start to decrease at T u 15 min after water was first applied to the surface, while T m , 23.5 cm lower, only responded 10 min later. Positive water pressures were recorded at both T u and T m at 26 min and 40 min respectively, at which time the flux of water was 205 cm day -1 .
Experiment 4: 20% gypsum crust
Precipitation immediately after experiment 3 prevented a further experiment until 21 October, at which time the previous crust was removed and a crust comprising 20% gypsum by volume was added to the gravel at the top of the column. Precipitation in the preceding week totalled 30 mm and produced a local increase of 45 cm in the water table. Tensiometer readings were initially stable, albeit with small negative pressures: T u at -2 cm and T m at -1 cm. The top tensiometer, T u , decreased to 0 cm, 15 min after the head of water was first applied to the top of the column, and stabilized at +1 cm 10 min later. Meanwhile T m reached a value of +2.5 cm 60 min after the experiment began. The flux of water through the column remained constant at 101 cm day -1 .
DISCUSSION
Temporal changes in pressure head and hydraulic head at selected time intervals during experiments 2 and 3 are given in Fig. 4 for comparison with the theoretical potential gradients shown in Fig. 2 . In both Fig. 4(a) and 4(b) the hydraulic head gradient is negative in the top layer indicating downward drainage, and slightly positive in the layer below (52 → 72 cm depth) suggesting no significant water flow at this depth. However, within a short time the increase in water flux is sufficient to produce a downward water flow throughout the column. In Fig. 4(a) this change occurs within 3 min, and by 10 min hydraulic head (h) has assumed a concave profile with depth with little change in potential between 10 min and 14 min. In contrast, Fig. 4(b) shows that with a smaller water flux, the transition to a concave profile takes longer (28 min), and the upper gradient in hydraulic head becomes increasingly steep reaching a maximum gradient of 55 cm potential per 20 cm depth at 28 min. Potential at T m then increases sharply reaching a small positive pressure at 65 min, at which time there is a more uniform potential gradient through the column. ii.
Fig. 4
Changes in hydraulic head (h) and pressure head (h p ) through time, for (a) Experiment 2 with 10% gypsum crust; and (b) Experiment 3 with 12% gypsum crust.
In both experiments the hydraulic potential at T m becomes positive. This indicates that there was some preferential flow between the upper column and T m through a continuous macropore. The same situation was observed in fieldwork on a loamy soil in the Ardèche basin, and when the soil was excavated a continuous wormhole was found to extend through the upper soil (van den Berg & Ullersma, 1994) . Accordingly in the current study, data from T m are not used to calculate hydraulic conductivity in experiments 2 and 3; instead hydraulic conductivity is determined between T u and T l using Darcy's Law:
In experiment 2, with a 10% crust, the final pressure heads at T u and T l were 1 cm and -2 cm respectively, ∆z was 44.5 cm, and q (the water flux) was 2080 cm day In experiment 3, with a 12% crust, the corresponding pressure heads at T u and T l were 2 cm and -1 cm, ∆z was as above, and q was 205 cm day These results indicate considerable differences in the way that water infiltrated through the column in the two experiments, which are evident in the contrasting gradients of pressure head and hydraulic head given in Fig. 4(a) and (b) . The head gradient in Fig. 4(b) follows a simple trend in which h p increases first at T u , with no increase at T m for 18 min. In contrast, in Fig. 4(a) , there is a constant gradient in h p , which suggests that water reaches T m at the same time and the same rate as T u , most probably through a continuous macropore. This enables h p to increase at T m to +15 cm, indicating a 15 cm head of free water, 10 min after the experiment began. For some reason, this macropore ceased to function in the experiment with a 12% crust, which partly explains the differences in hydraulic conductivity between the two experiments.
Given the changes that seem to have occurred in the way water moves between T u and T m between experiments 2 and 3, hydraulic conductivity can be estimated in the fourth experiment, with a 20% crust, between T u and T m . In this case the final pressure heads at T u and T m were 1 cm and 2.5 cm respectively, ∆z was 23.5 cm, and q was 100 cm day . Significantly, however, the wetting front passed T u after 660 s in experiment 4, compared to 300 s in experiment 3, and 1320 s in experiment 4 (Table 2 ). This suggests that some form of macropore network had developed in the top of the peat column over the period between experiments 3 and 4.
Other studies of water infiltration through soil columns under ponded conditions have also found a considerable decrease in hydraulic conductivity between successive experiments (van den Berg, 1989 ). These observations have been attributed to the degradation of macropore channels caused by a nearly instantaneous rise in the hydraulic head gradient in the soil matrix adjacent to the macropore. Where the wall of the macropore channel is unstable, the wall will collapse if the shear stress caused by seepage to the channel exceeds the shear strength of the soil particles within the wall of the macropore channel. A conceptual model of this process, as a function of hydraulic conductivity and specific storativity, has been described by van den Berg & Ullersma (1994) . It provides a mechanism that explains the sudden reduction in soil infiltration capacity during intense rainstorms and the corresponding increase in surface runoff.
The "crust infiltration" experiment used in this article, was designed originally to determine k(h) for unsaturated conditions in soils that, although possibly comprising different soil strata, are homogeneous and isotropic within each stratum (Bouma et al. 1971; Green et al. 1986 ). However, the experiments described above suggest that this is not the case in the isolated peat column. The results imply that the peat matrix has a hydraulic conductivity that decreases gradually with depth, while continuous macropores modify both horizontal and vertical flow paths. In this context the peat deposit cannot be regarded simply as a dual porosity or dual permeability medium. Rather, a range of structural voids appear to extend through the upper layers of the deposits with varying continuity. Under high rates of water application at the column surface, rapid flow of water occurs through interconnected macropores that may also be associated with water loss at the column margin from lateral water flow. Despite this, it is possible to identify some general points relating to water flow pathways under the conditions represented by the study.
Firstly, the upper layer of the peat column effectively represents an "open soil" in which continuous macropores extend to the soil surface. As a result, these macropores can drain water that is still infiltrating, even if there is no positive pore-water pressure in this part of the soil. Consequently, the infiltration rate through the crust does not directly determine the percolation rate through the soil, and there is only an upper limit of saturated hydraulic conductivity (around 19.5 m day -1 ). Secondly, in the layer immediately below the "open soil" (depths > 26 cm), there are no continuous macropores and hydraulic conductivity is relatively low. Water percolation is reduced to the extent that water, having infiltrated quickly through the upper layer, is impeded to produce local ponding with "free-water" in the upper soil. Thus, even under conditions of very low infiltration, such as 1 m day -1 during the fourth experiment, positive pressure heads were still observed at this depth suggesting that, at this depth, the saturated hydraulic conductivity is < 1 m day
The results indicate the limitations of published methods to determine the hydraulic conductivity of peat deposits. Vertical and horizontal differences in the composition of peat make it difficult to identify a mean permeability, and there are clearly questions about the scale of the investigation, the size of a representative elemental volume, and the degree of anisotropy in the deposit. These present very significant problems; however, the results of the column experiment, described here, have been used to parameterize a model predicting water-table dynamics across the wetland at Narborough at an event level (i.e. over 10-day periods) and for individual years (Bradley, 1996 (Bradley, , 2002 , using a 10 m × 10 m grid size. The scale dependence of the results is an important subject for further research, in particular, the need to upscale from point measurements of hydraulic conductivity to, in some cases, a significantly coarser resolution for models describing water flow through regional wetlands. The column experiment described in this article essentially considered water flow pathways through a 0.05 m 3 sample in the field, which contrasts with smaller sample sizes for laboratory analysis (e.g. Beckwith et al., 2003 's samples were c. 4.2 × 10 -4 m 3 in volume). However, the grid cells for regional hydrological models have been significantly greater: for example, 1 km × 1 km in Langevin's (2003) model of the Biscayne aquifer in southern Florida, associated with the Everglades; and 2.5 km × 2.5 km in Reeve et al.'s (2001) model of the Minnesota peatlands. It is really at the local scale that correct parameter identification and the recognition of key stratigraphic horizons is important. As the scale of investigation increases, such horizons may be adequately described by mean values associated with an equivalent porous medium, although some variation in infiltration rates (and water-flow paths) is likely depending upon precipitation intensity and antecedent moisture conditions. The results described above suggest that a considerable range in hydraulic conductivity (of the order of 19.5 m day ) may be obtained from infiltration experiments on the same peat column. These differences illustrate the extent to which water flow paths vary depending upon the rate of precipitation. The changes in hydraulic head during the infiltration experiments can still be explained by Darcy's Law and traditional infiltration theory, and emphasize the importance of changes in hydraulic conductivity with depth as well as discharge of water at the column margins. Further research is needed, however, on how the results of specific field experiments can be designed to parameterize wetland hydrology models at varying scales.
